14 C]methyl t-butyl ether (MTBE) to 14 CO 2 without accumulation of t-butyl alcohol (TBA) was observed in surface-water sediment microcosms under denitrifying conditions. Methanogenic activity and limited transformation of MTBE to TBA were observed in the absence of denitrification. Results indicate that bed sediment microorganisms can effectively degrade MTBE to nontoxic products under denitrifying conditions.
Pervasive contamination of groundwater (2, 7, (22) (23) (24) and surface-water systems (1, 4, 13, 16, 25) by the fuel oxygenate methyl t-butyl ether (MTBE) makes crucial an accurate understanding of its environmental fate. A drinking water advisory exists for MTBE for taste and odor of 20 to 40 g/liter (26) , and MTBE is classified by the U.S. Environmental Protection Agency as a possible human carcinogen (7, 26) . The U.S. Geological Survey national water use summary estimated that 60% of the drinking water consumed in the continental United States comes from surface water (20) . Because these systems are not easily shielded from numerous point (5, 9) and nonpoint (1, 2, 4, 6, 10, 13, 14, 16) sources of MTBE contamination, identifying natural sinks for MTBE in surface waters is particularly important. Although microorganisms in surfacewater bed sediments can mineralize MTBE to CO 2 under oxic conditions (5) , geochemical constraints on oxygen transport (27) may limit the importance of aerobic MTBE mineralization in these systems (5) . Evidence for anaerobic MTBE biodegradation in surface-water sediments currently is limited to a single methanogenic microcosm exhibiting incomplete transformation to the toxic product, t-butyl alcohol (TBA) (11) . Such findings (5, 11) suggest that efficient anaerobic degradation of MTBE to nontoxic products may require relatively oxidizing terminal electron-accepting conditions.
Of the anaerobic terminal electron-accepting processes common to surface-water environments, denitrification is the most energetically favorable and is widely observed in both pristine and waste-impacted systems (8, 15) . The ability of surface-water microorganisms to degrade MTBE under denitrifying conditions was examined in bed sediments from Charleston, S.C., and Pensacola, Fla. At the Charleston site (5), MTBE-contaminated groundwater discharges to a shallow freshwater stream containing poorly sorted sandy bed sediments. Charleston sediments contained significant concentrations of dissolved CH 4 (100 Ϯ 15 M), SO 4 (70 Ϯ 10 M), and sulfide (Ͼ200 M) but no detectable O 2 (method detection
. Pensacola sediments were well-sorted medium sands collected from a shallow freshwater wetland with no detectable MTBE (MDL ϭ 2 g/liter) and no history of MTBE exposure. Pensacola sediments contained significant concentrations of dissolved NO 3 (60 Ϯ 10 M), SO 4 (2 Ϯ 0 mM), and CH 4 (100
MTBE mineralization was investigated using [U- 14 (5) and were composed of 5 ml of saturated sediment and an atmosphere of air (oxic treatment) or helium (anoxic treatment) in 10-ml serum vials. An anoxic KNO 3 solution was added to NO 3 -amended treatments to yield initial dissolved NO 3 concentrations of 4.6 Ϯ 0.1 mM and 7.3 Ϯ 0.2 mM in the Charleston and Pensacola microcosms, respectively. All microcosms were amended with 0.5 Ci of [U- 14 C]MTBE (specific activity, 10.1 mCi/mmol) to yield initial dissolved MTBE concentrations of 17.2 Ϯ 0.3 M and 19.9 Ϯ 0.2 M in the Charleston and Pensacola treatments, respectively. Headspace concentrations were monitored periodically using radiometric detection gas chromatography combined with thermal conductivity detection. The radioactivity associated with C 1 to C 4 organic acids, TBA, and MTBE was assessed using radiometric detection high-performance liquid chromatography. NO 3 and SO 4 concentrations were determined by ion chromatography. Radiometric detectors were calibrated by liquid scintillation counting using H 14 CO 3 and [U-14 C]MTBE. The results presented below in Table 2 and Fig. 1 were corrected for losses due to sampling.
The observed production of N 2 -N (Table 1 ) and the lack of detectable SO 4 reduction or methanogenesis indicated that, under NO 3 -amended anoxic conditions, both sediments were dominated by denitrification. The fact that NO 3 -N loss and N 2 -N production were not statistically different confirmed that denitrification was the primary sink for NO 3 under these conditions (Table 1) . Under unamended anoxic conditions, production of N 2 -N also was observed in Pensacola sediments over the first 36 days but production was insignificant between 36 and 77 days ( study under NO 3 -amended, anoxic conditions was comparable to that observed under oxic conditions (Fig. 1) . The fact that the final combined recovery of [U- 14 C]MTBE and 14 CO 2 in the experimental microcosms did not differ significantly from the final recovery of radioactivity in autoclaved control microcosms (Ն98%) indicates that 14 CO 2 was the only significant product of MTBE biodegradation under denitrifying conditions (Table 2) . [U-
14 C]MTBE mineralization was attributable to biological activity, because the final recovery of 14 CO 2 in killed control microcosms was less than 1% (Table 2 ). In earlier studies, the potential for anaerobic MTBE biodegradation under NO 3 -enriched conditions was investigated in soils (28) and aquifer sediments (3, 11) and was reported to be insignificant. In contrast, the results of this study demonstrate that microorganisms indigenous to surface-water bed sediments can mineralize MTBE under denitrifying conditions.
The results of this study also indicate that bed sediment microorganisms can mineralize TBA under denitrifying conditions (Table 2 ). TBA contamination of surface water is an environmental concern due to its presence in gasoline spills (7, 24) , demonstrated carcinogenicity in laboratory animals, and significance as the presumptive initial intermediate in microbial degradation of MTBE (11, 17, 28 (Table 2 ). In NO 3 -amended, denitrification-dominated microcosms, 14 CO 2 was the sole product of [U- 14 C]MTBE biodegradation ( Table  2) . For the unamended, anoxic Pensacola sediments, the percentage of radioactivity recovered as 14 CO 2 increased during the initial period of denitrification (first 36 days) but decreased from 36 to 77 days as methanogenesis became significant ( Fig.  1 and Table 1 ). The simultaneous decrease in 14 CO 2 and increase in 14 CH 4 indicate that 14 CH 4 was formed autotrophically at the expense of 14 CO 2 ( Table 1 and Fig. 1) . Finally, accumulation of [ 14 C]TBA was not observed in this study under denitrifying conditions. [
14 C]TBA was oxidized to 14 CO 2 under NO 3 -amended conditions but increased in the absence of significant denitrifying activity ( Table 2 ). Accumulation of TBA during biodegradation of MTBE under methanogenic conditions has been reported previously (11) . The present results indicate that denitrification and anaerobic MTBE mineralization were limited by NO 3 availability and suggest that MTBE mineralization was coupled to denitrification.
The demonstrated ability of naturally occurring microorganisms to degrade MTBE to CO 2 under anoxic conditions without the accumulation of TBA has important implications for the fate of MTBE in groundwater and surface-water systems. Although the potential for aerobic biodegradation of MTBE to nontoxic products has been demonstrated for a number of groundwater (3, 9, 18) and surface-water sites (5), the actual contribution of this process to natural attenuation of MTBE is unclear because the onset and subsequent predominance of anoxic conditions are characteristics of hydrocarbon-contaminated waters. Consequently, engineered systems are being developed to support aerobic MTBE biodegradation under otherwise anoxic conditions (18) . Unfortunately, recent groundwater and surface-water quality assessments indicate that environmental MTBE contamination is so widespread (1, 2, 4, 7, 13, 16, (22) (23) (24) (25) that engineered solutions are realistic only for a small percentage of contaminated sites. For the remaining sites where natural attenuation would be expected to be the primary method for environmental restoration, identifying the conditions which support efficient anaerobic degradation of MTBE to nontoxic products is crucial. The demonstrated ability of bed sediment microorganisms to mineralize MTBE under denitrifying conditions indicates that anaerobic biodegradation of MTBE can be a significant contributor to the natural attenuation of MTBE in the environment. Because dissolved NO 3 concentrations are typically low (Ͻ10 M) in uncontaminated groundwater (12) , denitrification-associated MTBE biodegradation would be expected to be limited except in NO 3 -contaminated aquifers or under engineered conditions. However, because NO 3 concentrations and denitrifying activity are often substantial in natural as well as waste-impacted surface waters (8, 15, 19, 21) , these results hold considerable promise for the natural attenuation of MTBE in surface-water systems. Com- 
